SUMMARY We present a novel frequency partitioning technique of fractional frequency reuse (FFR) that reduces the effect of co-channel interference and increases the capacity of OFDM systems. The usable sub-channel sets are classified into the common sub-channel sets for all cells and the dedicated sub-channel sets for specific cell types in FFR. The proposed fractional frequency reuse with ordering scheme (FFRO) can decrease the amount of interference in the common sub-channel sets by specially designing the sub-channel sets and the order of sub-channel assignment for specific cell types. Simulation results show that the proposed FFRO yields enhanced performance for both uniform and non-uniform distributions of traffic load. key words: frequency reuse, fractional frequency reuse (FFR), orthogonal frequency division multiplexing (OFDM), resource management.
Introduction
The emergence of new applications, growth of wireless subscribers and proliferation of multimedia services demand more bandwidth in wireless access. So, the nextgeneration wireless access networks require an advanced technique that has the ability to mitigate frequency selective fading in wideband communications and to utilize the frequency spectrum efficiently. The orthogonal frequency division multiplexing (OFDM) is considered as one of the best solutions to satisfy these requirements [1] .
In wireless cellular communication systems, cell clustering is often used to reduce the effects of cochannel interference (CCI) from neighboring cells. To increase the efficiency of a system, the frequency reuse factor (FRF) should be close to 1. Reduction of CCI, however, is achieved at the cost of reduced cell capacity. To mitigate such tradeoffs, fractional frequency reuse (FFR) has been studied [2] . In FFR, constraints on usable sets of channels balance the tradeoff between cell capacity and interference.
In this paper, we propose a new fractional frequency reuse with ordering scheme (FFRO) as a novel frequency partitioning technique of FFR. Our FFRO reduces the CCI in common sub-channel sets assigned to all cells and increase the capacity of an OFDM system. The remainder of this paper is organized as follows. Section II describes the FFR and proposed FFRO. In Section III, the system model is introduced and the simulation results are presented and analyzed. Finally, we conclude in Section IV.
Proposed Fractional Frequency Reuse with Ordering Scheme

Fractional Frequency Reuse
Mobile WiMAX allows the FRF of 1 to accommodate more subscribers [2] . In this environment, some techniques are required to support quality of service (QoS) when every cells use the same frequency channels. FFR is a way of mitigating such a problem. Fig. 1 (a) shows a frequency partitioning in FFR. In FFR, usable sets of sub-channels for each cell are determined by a frequency partitioning scheme. And the usable sub-channel sets have two different types. One is the common sub-channel set (F 1 ) that are assigned to every cells. The other is the dedicated sub-channel set (F 2 , F 3 or F 4 ) that is assigned to particular cells. Although the dedicated sub-channel sets reduce the effect of interference, CCI from 1-tier cells still remains in the case of the common sub-channel sets.
Proposed Fractional Frequency Reuse with Ordering Scheme
We propose FFRO as a new and efficient frequency partitioning technique of FFR to reduce the amount of interference in the common sub-channel sets. In Fig.  1(b) , the proposed frequency partitioning using FFRO is presented. Each cell has the common sub-channel sets (F 1 , F 2 and F 3 ) and the dedicated sub-channel set (F 4 , F 5 or F 6 ). In FFRO, there are several common sub-channel sets and each cell follows a specific regulation to allocate sub-channel sets by its cell type. The number of the common sub-channel sets and the cell type is determined by the cluster size. Let N and M be the number of sub-carriers and the cluster size, respectively. All sub-carriers in a system are indexed in a sequential manner, and then they are partitioned into 2M sub-channel sets by performing modulo M operations on their index numbers when 
where f i and p are the index i sub-carrier and the ratio of the common sub-channel to the total sub-channel, respectively. Similarly the dedicated sub-channel set
The number of cell types is equal to the cluster size. In each cell type, the sub-channels are allocated sequentially to users by a specific order. For the cell type s, the sub-channels are allocated sequentially as follows:
where s ∈ {1, 2, ..., M } and F 0 is equivalent to F M . For example, for the cluster size of M = 3, each subchannel set is represented as
Each cell is either Type 1, Type 2 or Type 3. The order of allocation of sub-channel sets for each cell is determined as follows:
For Type 1 cells, when a new call arrives, preferentially sub-carriers in F 4 are allocated to users first by a sub-carrier allocation algorithm. It then starts to allocate sub-carriers in F 1 after all sub-carriers in F 4 have been allocated to users. And then sub-carriers in F 2 and F 3 are allocated sequentially. For Type 2 and Type 3 cells, the same strategy is applied except the order of sub-channel sets allocation. FFRO can utilize either static or dynamic sub-carrier allocation to each user.
Performance Evaluation
Estimation of Interference
In order to capture the effect of interference, we estimate the interference probabilistically from neighboring cells when M = 3. The probability of an event that a sub-carrier in use in cell i is also used in cell j is represented as a function of λ i and λ j .
where
is the number of sub-carriers used in cell i and N total i is the number of total sub-carriers for cell i. Let P [F i k ] be the probability that an arbitrary sub-carrier used in cell i is in the sub-channel set F k , 1 ≤ k ≤ 6. And the probability that the sub-carrier allocated to user in cell i is used in a neighboring cell j is defined as P [T For example, the probability of the event that a subcarrier used in cell i, which is Type 1, is also used in neighboring cell j, which is Type 2, is calculated as follows. For 
And the conditional probabilities,
In a similar manner, the interferences from each type of cells are found as a function of λ i and λ j . Note that
is represented in different forms according to the ranges of λ i and λ j . Therefore, it is possible to compare the performance of FFR techniques by estimation of interference. Fig. 2 shows the probability P [T s i ,s j i,j ] when s i = 1, s j = 1, 2, 3, λ i = λ j and p = 0.7. To compare the performance of FFRO, we consider two FFR schemes. FFR1 is a basic FFR scheme and in FFR2, dedicated sub-channels are preferentially allocated to users in a similar way to FFRO, but common sub-channels are not partitioned into some sub-channel sets as in FFRO. In our FFRO, the probability of interference occurrence decreases for both Type 2 and Type 3 cell, but increases for Type 1 cell. However, the effect of interference is not significant since in fact Type 1 cells j are located at 2-tier of cell i. We investigate actual performance by simulations.
Simulation
In this section, we briefly describe the system model of the FFRO in OFDM systems and present simulation results under uniform and non-uniform traffic load distribution. We define uniform traffic load as the condition that the traffic loads of every cells are identical. Otherwise, we call it non-uniform traffic load. We assume that λ j is a Gaussian random variable to model the traffic load of cell j. The mean of λ j is the same as that of λ i . The variance of λ j defines the variation of traffic load among cells. Considering mobile WiMAX systems, we set the link level parameters as follows: carrier frequency = 2.3GHz, sampling frequency = 10MHz, FFT size = 1024, the number of used sub-carriers = 864, the number of data sub-carriers = 768, the number of pilot sub-carriers = 96 and the symbol rate = 9.76 ksymbols/sec. Also, OFDM allows different modulation schemes and error correction codes to be adapted to sub-carriers. Table 1 shows the modulation and coding scheme (MCS) table for this system. For the system level simulation, following parameters are used: the number of cells = 19, the distance between base stations = 1km, transmission power at the base station = 20W. Considering the carrier frequency and the cell radius, COST-WI urban micro model is applied as a channel model [3] . The standard deviation of lognormal shadowing , σ , is set as 10 dB for non-line of sight environments.
We consider random allocation mechanism as a sub-carrier allocation algorithm, which allocates subcarriers to users in a random manner. Fig. 3 shows the total throughput of cell 0 under uniform traffic load distribution. When p is 1, both FFR1 and FFR2 operate as one-cell frequency reuse case. FFRO has better performance in medium traffic load. And FFRO and FFR2 shows the same performance for λ 0 < 1−p 3 , because dedicated sub-channels are allocated first in both FFRO and FFR2. When λ 0 is 1 3 , total throughput of FFRO starts to decrease, because the interference from 1-tier cells starts to affect mobile stations in cell 0.
In Fig. 4 , the total throughput of cell 0 under non-uniform traffic load distribution is presented. In  Fig. 4, Fig. 5 and Fig. 6 , the mean and variance represent the mean and variance of λ j . Under uniform traffic load distribution, the probability of interference occurrence is almost 0 at light traffic load, 1 at heavy traffic load. The FFR techniques involve same performance at light and heavy traffic load. However, under non-uniform traffic load distribution, FFRO shows the improved throughput performance in all traffic regions since the order of sub-channel sets allocation reduces the interference. Both Fig. 3 and Fig. 4 show that FFRO increases the system throughput significantly, when p is high.
In Fig. 5 and Fig. 6 the effect of traffic load distribution is shown. Since the average throughput of a user is affected by traffic load of cells, considering 4 sub-channel sets for each cell by FFRO, performance is evaluated at various mean values of λ j from low to high traffic, e.g., 2 ) for cell 1 in Fig. 1(b) . In the low traffic condition, since the users of both FFRO and FFR2 use sub-carries only in the dedicated sub-channel set, FFRO and FFR2 show the same performance. The ordered allocation of common sub-channel sets starts to affect the throughput results after all sub-carriers in the dedicated sub-channel set have been allocated to users. Therefore, FFRO improves the performance of FFR for both uniform and non-uniform traffic load distribution in medium traffic load.
Conclusion
We have proposed a novel FFR scheme, FFRO, for OFDM systems, and analyzed the interference from neighbor cells. Simulation results indicate that FFRO improves the system throughput under both uniform and non-uniform traffic conditions. When the ratio of the common sub-channels to total sub-channels is high, the proposed FFRO improves the system throughput significantly.
